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Abstract

A kcy ohs(aclc  tlarnpc.rin:,  fielding of Al planning apl)lications  is tlIc. considcral)lc  cx-
pcmc.  of dcvdqlinf?,,  W’ifying,  llpdatillg,  and lIlaintaining,  (k ~)]antling  kTIow’kdgc! base (K B).
l’lanlling  systems Illusl  hr. able (0 compare favol-ably  in Wrms of software Iife.cycle costs  to
[)tllcr  II ICiinS of automation such as sc.[-il)ts  or rule-basc(i cxpcr( sys(cIns, Conscquc.ntly,  in
Oldcl  10 field real syskmIs,  planning p[-:ictilioncrs  mast bc able (0 lwovidc:  1. tools  to allow
donmill  CX]KI(S 10 cmalc and debug thci[ own planni[lg  knowledge bases; 2. tools  fm software
vcrificati(m,  validaticnl,  riacl testing; and 3. tools to fticili(atc  updates ancl maintcnamc  of the
planning knowkxlge  base. ‘I”his  ]Ial)cr  dcscribcs  two types of tools for plaiining kiiowldgc
base dcvdo] )Illm)t: static Kll analysis tccliIIiqucs  tc) detect  ccr(:iill  classes of syn(tic(ic  ct-rors
in a I)lan]ling k~-iowkdge base;  and coln])lc.tion  analysis tcchniqucs,  to ilttemctivcly  clcbug
tlic planning  kntwlcd~.c  base. We. dcscribc these. knowldge  clcvclopnmnt  tools :incl dcscribc
empirical tcsults  docmlllcmting  the usc.fulrless  of the.sc tools.
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Static and Compldion  Analysis for l’lanning

Knowledge I\asc l)cvdopmcnt  and Vcrif’icatiol]

Slew A. (Hlic]l

Jc[ I'[cJ[)~llsic~~ ll.at,c)I:l[c)[ y, C`:ilifc~~ lli:il[Is(i[lltc {] f'l`ccl]]l(,l(~gy
4800” oak Grove 1)1 ivc, h4/S 5?5-3660, Pasadena, (;A 9 I 109-KOW”

cllictl (!)aip,, jl)l nasa. ~,ov

Al)strac!
A  kc.y ohslacl(. I]al]lpc]ing flclding of Al l)lalll]ill~
al)plica(ions is (IIC c o n s i d e r a b l e  CXIWIISC o f
(lcvcl(~l)inr,,  vclif’yinr,,  uldaling,  and ]nailllaininr,  Itlc.
[Ilailning knowlcxlge lMSC (Kll).  I)lanning  sys~cll~s
[IIUS[ Iw al)lc 10 c{~l[)pa]c f a v o r a b l y  in lCIIIIS  0(
so flwarc  lifccyclc cosls [0 othcI means of aulolnation
SUCII a s  sc[il~ls 0 1  [ulc-t)nscd  cxpcrl  syslc  IIls.
Ck)IIscquc.nlly,  in mdcr [0 flcld  Ical syskm)s,  plannins
lJracliti{)llcl sllll\sI  t~c. ztt>lctc) [)rc)\,i(lc:  l.lo(Jls[[J:Ill(I\\
donlain  cxpc.lls to ctcatc a n d  (icl)uf! IIlci[ o w n
l]lanning knowledge I)ascs; ?. lools for  sollw;irc
vc[ificalion,  valid alio[l, ;ind Ics[ing;  anti 3. 100Is 10
l:icilil:ilc uldalcs aIICi  n]:iinlcnancc o f  Iilc piallning
know]cdgc Ijasc. “i’tlis j)a])cr dc.sclibcs  two tyim o f
lools fo] i>l:lt}l]i  rlgkll(~\vlc(lp,  ct)a$cclcvcl(llJ]  llclll:  s[alic
Kil allaiysis  tccllni(iucs [o (ic(c.ct ccr(ain cla~scs o f
syntaclic  CIIOIS in a planning knowlc(f~c  Imsc; an(i
coll~i]iclion  almlysis W.cillliciucs, 10 inlmrclivciy  dclmg
tlIc i)]anning,  knowlcclgc.  base. Wc dc.scribe. Iilcsc.
knowic(i~c  &.vclop  IIlcmt tools anti dcscI il~c cmi)iricttl
]cst]lls (l()clllllc.t~l illg[llc.  llscftllllcss [) ftilcscto()ls.

1. introduction

A n]:ljo~ f:ic[or  ill dc.tcrillinin~ the. feasibility of a])plying,
Al planning tccllniqucs  to a real-wmld problcm is (Im
alnoun[ of c. ffor~ ]c.{iuircd 10 construct, debug, vc.rify,  and
ui)cialc (Inaintai[l)  tlir. plallnirr~,  know] ccigc b a s e . 1 n
jmr[ic-ulal,  l~lalllling  syslcIIIs  Il~ust  h ahlc (0 colni)a[c
favorat)]y  in W.I IIIS of soflwat c lifccyclc  costs [0 oIIIcr
mc:ins of au(olnalion such as scrii)[s  or rule-l]ascd cx[lcr(
sysIcIIIs.  An il]lpo] ta[,t comlmIc.nI  (o rcciucinp, suciI costs
is [0 povidc a good cnvironnlcnt for dcvcloilirrg planning
klmwiccif&  bases. IJcsi)ilc (Ilis situation, rclalivcly iillic
cffo!l has iwm (icvotc{i (0 (icvcloi)ing an ililcglalcci scl of
tools 10 f:icili(a[c constt uc[ing, {icbup,girtg, vcr ifyillg, and
uixialill:,  si>ccialifcxi  knowic(i~c  sl[ucturcs  uscci Ijy
i)iannin[:  sys[cIIIs.

‘1’llis WOI k was pcrfor[]mi  by IIIC Jd i?opuisiwl I.atmra[ol  y,
[:aiil’oll]ia illslilulc of ‘1’cclIIIol(JNy, Lllidc.r con[[ac[ willl [IIC
Nii[io[)al  Ac[wmu[ics  anti SIMICC  Acil]linis([aliorl

Wtli]c coilsidcrablc  Ic.scalcll lIas focusc(i  o] I kIl(Jwlc(i~c
acxiuisitiotl syslc IIIs for lilic-t)asc(i c.xi)c Il syslc. IiIs (il:ivis
1979),  and ol)jccl-(~riclllc( i/lr]ilc.lilitr]cc knowic(igc i)ascs
will] i~locuiulcs  a[Ici  II Icli Iocis ( ( i i i  & ‘i’aliis i995), iillic
work  iI;is forusc(i 011 knoulc{igc ac(iuisi[iorl  fol si)cciaiiz,cci
i)iannin~ rci~rcsc]ll:iliorls. Notai)ic c.xccp[ions to t h i s
s[a[c]ncllt  a r c  ((icsJar(iins i994)  wi]icil usc.s inciuctivc
lcalr]in~ caImi)ililic.s  all(i :i sitlluialor to rc . f ine i)lat]ning
oi)cralols aii(i (Wang 1995) wiiicl} uscs cxi)crl  lraccs [0
icarn an(i a  si]nulator  t o  rcfi~ic piannins oi)crato]s.
liowcvcl,  in nlany cases a sil]luialion capability is nol
avaiiai)ic. in tllcsc situations tiic usc~ ticc(is assislallcc in
causaiiy  t racing clrofs  anti cici)ug~, ing fron) a sin:, ic
cxampic). ‘I”his assistance is solciy nccxirxi (0 cttai)ic
(ionlain cxi)crts to wli[c. anti cicbug cionlain tllcotics wilimul
Iclyinc on Al pcopic. i~ul[ilcr[llorc,  i)ianning knowlcxigc
imsc I]winlcnzillcc is oflcn ovctiookc(i.  Such tools arc aiso
inv:iiu:ihic i n  t r a c k i n g  slnaiicr i)ugs, vcrifyin~  Kil
Covcmig,c, 1 aII(i  qxiating  IiIC KH a< IIIC (immiin cilang,cs.
Witiic,  ti)csc tools can (iI-:iW IIIUCiI from causal t r ack ing
Icchl)i(iucs  usc(i in ruic-based syslci]ls (i~avis 1979), lilcrc
arc scvclal aspccls of i>iannitlg,  systc.]ns wilici~ diffc.rc.ntintc
[hcri} fro]n r u i c - b a s e d  systcr[~s  - tlicir  spccializ.c{i
rc.i)rcscntations  anti the.ir lcln]mral rcawming capabiiitic.s.
‘I$wo sl)cciaiiz.cci rcimcscntations  fol i)lanrring  :irc prcvaicnt

task rc.ciuclion rules anti i)lanning.  opc.raters. I’imc
rcimscnl:itions  as well as Iilc rnos(  common constraints
(or(icring and code.si~nation constrains) ilavc cvolvc(i so
that  si~cci:iii?.cci rc.asoning algol i[i]ms  must bc acJai)tcd to
sui)im 1 dcbuggi ri~.
h4any  types of knowlc{i~c c.nco(iirrg criers can OCCUI:
incorlcclly  (ic.fine.(i Ilrcccrn(iitions,  incorrectly cicfinc(i
cffcc[s,  an(i inr.xmc.ct variable spcciflc:itions,  Invari:tbly tim
cn(i rcsuit is a Illistilatcil I)clwccn  tllc i~lanncrs Illocict of [lm
lcgaiily of a i>ian and tiw n~o[ici  (iic[attxi by tl)c (iomain (o!
(iot]lain cxi)cto. ‘i’iIus,  tile cnd syIIIi)loIIIs of a kflowic.(i~c.
tmsc crlo]  can im broa~ily ciassiflc(i into two calcgo]ics.
]nr-owccl  /’/atl (;ctferfl/iotl: ‘i’his occurs when (lIc itianncl is
i]lcscntcxi  a iNoi)lcIIJ  rind ~cncr:itcs :i i)ian wl]ich dots 1101

1 i’or v,OIk ill vcrifyin~ [uic-ilascd sysIcIIIs  - scc ([) ’Kccfc &
()’1 ,cafy i!N3), [’or work.  on rule base [cl[ncnwnt usih~, L[ainillg
cxamilics (IiIc :in:iiogur of a simulator for i)lartlling KiI
rcflnclllcnl) src (Girk+crg,  C( al, 1988).



il{.lli  CVC  IIIC  ~,oals  i n  IIlc Cll[’r  COl  prol)lc]ll  Colllc xl, 111 our

Cx[)cllcncc, IIIC co IIclIl [)l(jblcln and faol(y sololion” c a n

I’[KIIS a(lcnlion i n dcl)u~.gillg  llIc flaw ill IIIC kncIwlcdEc
luIw. Ily u s i n g  IIIC  f’aul(y  plnn 10 dilccl  ~lIc {icl)u~~inpj
III(ICCSS,  II)c OSCI  can oflcn focus on tlw incm[ccl link in (IIC
[JI;III (faul[y  l)[o[cclioil  (M acliicvc]llcnt)  - all(~willg ~o] Iat)id
dcl~o~,~il]}?,.
]’[lil[lti l<> (icllct(l[(’  [1 l’l(itl: “1’llis occu Is wtwn IIm plannct-
is l) Icscnlcd wiltl a solvable problcn),  but llIc plannc[ is
utlat)lc  1( I f’ind a solulion. In our cxpc[icncc Illis [y[m of
failure is Ial II101c  dif’([cul(  (0 dcl)ug. ‘1’tlis is bccausc  ltlc
USC I d(ws II(J[ lIavc a  parliculn[  l)laa 10 usc I(I f’(Kus  [tic
dcl)uy. ~lng, ])1 OCCSS. “1’IIus, often a oscr would manIIally
WIIIC d(~wn a valid pl:In tmcd on ltm.ir lllcl)t:i! li]odcl 01” Ilw
d{)]llai[l, :Illd IIICII  lliiCC  tlllollgll  IIIC SICI)S  O f  IIIC  [)1;111  10
\’cl ii’y ltl:lt ttlC ld:~l~ Coll!d iK:  C(JIISII UCtCd.

IIccausc ouI Cxl)clicncc l]as b e e n  lba[ dc(cclillg a n d

(lct)o~,:in~, f:iilorc-lo  p,cncia(c-a-l)lan cases lms I)ccll lIIolc
dilficull,  (ml wolk f’ocuscs  on: 1. vc.rifyill~ [Ilal a do[llain
[Iwoly  (’ill)  Solve all Solval)lc  [moblc]lls; and 2. facilitating
dcbu~~,in~,  of c a s e s  wtmrc It]c do]nain  ltlcory d(w.s not
allow s(~lolioll 01 a  l)rot)lclll dcclncd solvalllc hy tllc
d(~llmill cxpcl[.
‘1’llis luipcl dcsc]it)cs  lwo lypcs of tools dc.vclt)l)cd lo assist
in (Icvcl(y)ing  planning knowledge bases - slalic anzilysis
l(mls and conll)lclion analysis (001s.  S[a(ic analysis Iools
al)alyi,c  II)c dolll ain knowlcclg,c rules and opcIa loIs 10 scc
if ccllain  ~oals can or cannot  be in fcl; ccl. 11 OWCVCI,
bccausc  of collll)t]l:lliol]:il” I[aclal)ilily  issues, lIICSC  cllccks
IIIOS( I)c Iinlilcd, Slalic a n a l y s i s  tools ate oscful i n
dclccling  silualiol)s  i n  wt]icll a faolly knowlcclsc tmsc
caoscs a (OIJ-ICVCI  goal  01 oJ~cralor prccondi[ion 10 I)c
{Illacllicval)lc.  - flcquc.n{ly duc 10 O]llission of aII opcrdtor
cfl’ccl or a typog[ajhical  cr[or. Complc[ion  analysis tools
olxSIalc.  at I)lallning  lilllc and allow lIIC planoc.1 10 COIII]IIC.IC
plans wllict]  can acllicvc all bol a fcw focused subgoals or
lop-1 cvc.1  goals. Unnplclioo  analysis tools arc oscfol in
cases wtmrc a faulty tmowlcdgc  base dots oot allow a plan
10 t)c consll uclcd for a pfoblcm tllal lIIC dol]laia cx[~crl
t)clicvcs is solvable. i n  lhc crrsc WIICI-C Itlc coln~)lc(ion
analysis 1oo1 allows a plan 10 bc forlncd by assuming goals
(fuc, (hc domain cxpct[ can ltlcn bc focused on these. goals
as prcvcnling  tbc, plan fron] being gcncralcd.
‘1’lw static analysis and co]nplc(ion analysis tools tmvc been
dcvc]opc(i  in Ic.sponsc  10 our cxpcricnccs in clcvclopinp  and
Icfllling tllc knowledge base for tlIc Multi nlission VIC~Al{
l’lannc.I (h4V1’)  (Chicn 1994a, 1994b) sysIcIII,  w h i c h
autol]laticaliy gcllcra(cs VICAR i]nagc  proccssiop, scripts
flonl st)ccifications of ima~c proccssinp,  goals. ‘1’bc MVI’
SySIC  III was initially oscd in I)ccc.]]lbcr  1993,  ald tlas Iwcn
in I(mtinc  osc since. May 1994. ‘l”hc lools dcscl il)cd in ltlis
IM1)CI WCIC dI ivcn by ooI coosidcrablc cfk] 1s in knowledge
base dcvclopIncnt, dcbu~p,ing, and updalcs  10 IIIC tnodcs(
siz,cd knowledge  Imsc for MVI’.
‘I’l Ic Icl])aindcr of Il]is I)al)c] is organi~cd as  fol lows.
Scclion 2 oullincs  tlIc lwo planning Icprcscn[a(ions wc
supp(M [: (ask rcduc(ion rules and opcralols. Scclion 2 also
I][icfly  dcsclibcs  lIow tlIcsc rcfrlcscnlalions  a[c u sed  i n

[,laill)irl~:. Scclion 3 CIcsclit)cs slatic nnalvsis r u l e s  f’(~r ●

assis[ill~,  i n  planninr,  Kll vcIillcalioll  alId dc’vclol)IIIcIIt,  -
Scc[i(~ll 4 dcsc[it)cs  col]l[)lcliolt” analysis [ulcs  1’[)1 :l~sisli[l~
ill []lallnin~ Kll dcvcl(q)IIIcm.

W C dcsctibc Itlc s[alic and cotnl)lction ai)alysis tools wi(llin
[tic comcx  I of IIIC h4ul(iloissim VI C~AI< I’lnnnc[  sys[c  III, a
lIcl(lcd Al ])lanning  sysIcIn  wbictl aoto]llatcs  cci(aiil tyl)cs
of itlla~,c proccssin~?.  hfVI’  uscs Imltl Iask Icdltc[ion and
(Jl)clt[lor-t):l$c(l  IIIcll  I(xls ill I)lanninp,. 1 [Owcvcl , ltlc two
lm[:idiy,llt~ arc sclmIa  [c, ill [tlat MVI’ f’rrs(  [wlfollns [ask
Icductioll (also cnllcd I]ic[alclliral task nc[wmk 01- 11’1’N
l)lan[li[lg)  aIId IIICII  lwI foIII)\ (~])c[:llor-t):[sc(l plallnin~, a l l
of [IIC task [cduction  OCCUIS  at Illc Iligllcr conccploal Icvcl
atld IIIC  opclalor-basccl  mctllods al tllc l ower  l eve l .3.
(’onscqucntly, MV1’ oscs two Illain IylIcs of kIIowicd~c  ((J
((IIISIIUC[  illmgc ploccssill~  j)lans (sclip[s):
I. (Iccollll)c)siliorl”  rules - 10 specify iIow prot]lcll]s  aTc to I)c
dccolnlmscd  inlo Iowct Icvcl sutqmblcllls;  and
?. (~lwIaIoIs - [o sl)ccify  IK)U  VICAR  lIIOgIaIIIS  ran [K oscd
10 acllicvc lower Icvc] ilnag,c processing goals (poduccd
t)y I atmvc), “1’IIc.sc  alsn sl~ccify tmw V I C A R  plogralns
ill[ctac[.
‘I’l ICSC two Iylws of knowicdp,c  SII uclutcs alc dcscl-ibcd  in
f u! thm dclail below.

2.1 ‘1’ask  IUxluction  l%nning in MVI’
h4VI’ uscs  a [ask reduct ion app IoaclI  (1.ansky 1993) to
[)lalltlitlg,. in a task tcduclion app]-OaClI, rcduclion ro l e s
dic[alc  IIOW in I)lan-slmcc  planning, mc l)lan CaII bc Ic.gaily
lIansfo III)cd in(o anottlcr  IIlan. “1’lIc  planner llIcn scarcl]cs
(tw lJlan sl)acc dc.filled t)y  lIK.SC rcdoclions.  Synliiclically,  a
task ]cduclion rule is of ttm fol[[]:

1.1 Is MIS
(ii = initial g,oat set/aclions GR= redocc(f goal sc.f/aclions
[:() = coilslrain(s = > ~ 1 = consll:iinls
(:2 = Con(cxl N = no[cs on clccorl][~ositiorl
‘1’llis rule stales dial a SCI of goals 01 aclions (;I can bc
rccfoccd 10 a ncw scl of goals or actions GR if llIc set of
constraints Cc, is satisfied in lhc cuf Icnl l)lan and lhc.
conlcxt (;2 is satisflcci in (hc cur[cnt plan provided Illc
additional consllaints Cl arc addc{f 10 tlIc. })lao. C\, and C I
arc constraint fmrns wllicl] specify corljoncts of conshainls,
cacl I of wllictl nlay bc a codf.figlla(io)l cotl.!frwi)ft On

?WC ~,[lly t~ric[ly (tcscrit]c IIIC hfl V}’ ap[]]icalioll dllC [[) slI:lcC
coIIil IaIIIls, ]br fullllcr illfol[[la[ion OJI ltlis apl)llualioll a r e a ,
h4\/1’  alchi[cxturc,  and knowicdgc rcprcscll[atioa  scc (Chica
Iwl:l,t)).
7 ~4\/1]  fl[~l LIscs [ask rc([llcti~)l} (l,~~l]sky [~~~) Plannitlg
lccttlliquvs 10 pcrforn] hi:,h l e v e l  s[la[c~. ic cla<sillcaliori  ald
dcc(~lx~si[iol) of (hc problcnl Ihcn uscs trirdi[ion~l  o[)cralor-hascd
(1’clubcrllly & Weld 1992)  planning paradigms IoiIlaa at the
Iowcl Icvcl..



. .

. . . .



IIw ilna~,c lorlnal for ‘!inf’]lc is t}alfv,,ord
‘!illfllc II:IS lJlc.Illisl lcs-rclllo\’C[l

if (UIJW~ o])lioo is scicctcd)
IIwll  ‘!inllic is oncvcn hi[ wcigl]l CO IICCICC1

if ((’AI .[~ o[)[i(m  is sclcctcd)
IImn ?inf]lc  }Ias cn[lol)y values calcula[rd

2.3 l)iffcI.cnt ‘1’ool  ‘J’ypcs  and Rcprncllltitiorts

III or(tc[  1 0  facili[alc  tl)is kcy pioccss  o f  koowlc(l~c
acquisition and lc~lrlc]ncnl  wc Itavc been dcvclopirlg a SC I
of’ kllou,lc(lp,C-l  I:lsc cdiliog and analysis l(x) Is. ‘] ’IICSC ((mls
caIl Iw c:tlc~()]i7cd  inlo Iwo gcnclal  [yl)cs:  (  I )  slalic
kno WI Cdg C I]asc analysis  (001s;  :IIId  (2) Colll[llclioll
analysis 1(]01s. ]~CCtlLISC h4V1’  USCS two (ypCS  ()(
kIIowIlcdgc:  (Icco[lll>osilioll  rules and opc[alol  dcfinilioms,
cacll of (I)csc 1001s can hc u s e d  wi[tl each of  Ihcsc
lc])rcsclll:lliolls.  “I’lllls lllcrcarc  fol]rlyl)cso ft(lols:”

I. slalic ILIIC analysis tools;
2. s[alic (~pcral(w analysis Io{)Is;
3. c(~[lllllction [Lllc analysis 100is; and

4, uot]l[)lcli(m Iulc analysis 10 C) IS,

l;()] caclllyl~c:oflo{ll,il” is[~ossit)lc lollcll orll]ll lcal];ilysis”
usi]lg p]ol)osilio~la] 01 11111 I)lcciicalc chccki]lg,. Iil
I)lolmsitionat :lll;llysis, :lll:lc(i(Jlls:itl( lg(]:ils aIcc()llsi(lclc(l
o[)lilllislically  only fc)r lhc plcdicatc.  or goal naIIIc, 1:01
Cxaltlplc, wllcn consider ing wfl]clhcr  arl opcla[or could
acllicvc a slwiflc fact, “(ra(ii(lt]l cllic:lli y-c{) r[cc(c(l  ?[ilcl)”,
ol)lilllistic lrcallllcn( nlcaos [t)al any cff’ccl or il]ilial  slalc
fart will] IIIC plcdica(c “Jaclioll] c(lic:illy  -c{)ricc(ccl’”  can Iw
Usc(l. W h e n  coosi(lcrirrp, wllclllcr arl  c, ffcc[ ,
“(la(lioltlclric:  {lly-c:[)rtcclc{i  ?fl]c l)”, [Ic.lc[cs  a p[olccml
fad  “(r:i(iioltlc(ric:  (lly-c{)rlcclc(l ‘? fllc?)’’, orlcl)fcsllrllcslt ]:ll
(Ilcarg[ll)lcl] (slolllcl >rcclicalcc  all [)clcsc)lvccl  sllctlltl:illllc
c o n f l i c t  d o t s  riot o~cllr. ‘1’t,c,lcforc  (lIc, c. ffcc( i s  tlol
considered 10 dclclc  Ihc  fact,  ‘I”he propc)sitionat  analysis is
used as a fast checking componcnl 10 c-alch sirllplc c.rlors
wlvx dchgging a knrswlcdcc  hasc.  “1’hc full static  analys i s
is useful but Ic.stricxcd  to mom balcl~-l ike analysis  dIIC 10
il’{col)lpk)l:iliollal”  cxpcnsc.

3. Static Analysis Tools

3.1 Stalic Analysis’J’ools  forrJ’ask Rcduc(ionltulw
Slalic analysis  loots  arlaly7,c IIIC  knowlcd~,c base I()
dc.lcmlinc  i f  prc-spccificd pr(~[~lclll-cl;tssc.s  atc solval>lc.
‘J’IIc slalic:lllatysis lccllr~iqucsc:il}  bc used in Iwo ways:  1,

fast lur}-lilnc clmcking osing proposi(ior~al arlalysis ( c a l l e d
ptol)osiliollal slalic r u l e  a n a l y s i s ) ;  arid  2 ,  of f-litlc
kll(li$’lcclgc-l)  ;isc. analysis to verify ciolnain covcIagc  (called
full slatic Iulc analysis),
I n  our krlowlcd~c b:isc dcvcloprncnl  a n d  rcfinclncnl
frarncwork,  Ihc knowledge base is divided into a SC( of
ploldcnl  Sl);lccs,
A I)roblcrl)  SIMCZ consisls of a SC[ of allowable SC(S of’ input
goats or” Iligll lcvc.1 [asks ar]d a scl of  ol)crational  g(mls,
facls, o r  I(IWCI-ICVCI  lasks. in Ihc case of slalic rule

analysis ,  IIIC analysis [II OCCSS is 10 vc.rify llIal all lc. gal SC(S.
of inpul p,oals call I)c Icdoced  ilrlo Ol)cl-a[iorl:ll
go:lls/(:lcls/l:lsks. ‘1’[lc SC( of allowal)lc inpul ~oals i s
for[nally  sl)cciflcd in (mm of logi~’al corlsll:iir~ls on a SCI of
~o;llsproduccd  lJyllIc in(clfacc, l~or Cxallll)lc., t)cl{)~~ WC
SIIOW a  sillt[jli(’[c(l [lrot)lclrl  stmcc dcsc[ip[i(ln f o r  [Ilc
navigation prol)lcirl slmc,
‘1’tlcsc [)lot)lc.[n  slmccsrc[)fcscrll  a  SCI ()[ conlcxls in wllicll
Itlc {lcc(~rll[)osiliori” p l a n n e r 01 ol)c. ralor p l a n n e r  i s
at(c.rll[lliug, to s o l v e .  a  gcI}c.Ial class o f  l)rol)lclrls.
IJccorll[msillg  [Ilc o v e r a l l  l)~oblclrl solving pl-oce.ss irllo
[l Icsc. [Irol)lcrll sl)accs  a n d  allalyz,illg  caulI  ill isola[ior}

dlarnalic:ilty Icduccs [IIC corlll~lcxi[y  01” [IIC arlaiysis
I)roccss,  O f  c(~utse,  ltlis inlloduccs (IIC Imssibiiily lhat  (IIC
kIIowlcdgc lMsc  arlalysis is  llawcd duc [() a  [morproblcrll

(11’cotrll)(lsiliotl,”  Unfmluna(cly, wc kIIow of no o[l  IcI way
alourld (Ilis [)lot]lc[ll,

lIIIILI1  ~,():ils wc all coll]l)inalions ol

(:i[[cl])[,t-to-f  ’ARli N(” ‘! flkS)
(au(ollla(ctl  ‘? fllcs)
(rlrat]rnalcli ?frlcs)
(corvc-verily ‘!lilcs)

((lislll:ly-aLlloIrt:  tlctl-rcsi(lll: il-crrc)I ‘? fi[cs)
((lis])liiy-l~l;~l,ll,:,lcl~-lcsi[l~l;tl-crl[)l  ‘? fllc.s)
(ll[)(l:llc-:rrclliti(l-sc(ll  ‘![IIcs)

Subject to tlIc  constraint tlm(:

--((:it(crl]l)t-lo-I: Al{liN~  ?fllcs ?ftlcs) an(t
(aulorllalcl, ?f’llcs))

-(cur vc-verify ‘![’rlcs)  or (:l([cr]]lJt-[(,-IA}<l{NC; ?frlcs)
--({iisI)lay-:llllolll:  i[cll-rcsi(l{l: tI-cJ[f,r  ‘![’]lcs)or

(aulornalctl ‘! fllcs)
-(clisl)l:ly-ll} :irlrt]:llcll-rcsi(lLl;ll-crlor  ‘? fllcs)  o]

(Illarllrralcll ?fllcs)

Generally, Itlc allowable sc[s of inpot goals arc. of the. forro
“all conlbinalions  of Ilrcsc 5 goals cxccl~( thal goa14 and
goa13 arc irwo]llpatit)lc,  and It]at c.vc[y tinm goal 2 is
sclcc[cd goal 1 Irllls[  tmvc [his parall)ctcr  ...
‘1’hc.  output Icgal SC1 of goats/facls/(asks  arc clcflncd  in
tcrllls of a scl of Ol)cratiorlat  plcdicalcs.  Iiorcxalrlplc,  in
(hc rclalivc  navigat ion example usrxl at)ovc has Illc
following ol)crtllional  [mdicalcs.

O})crational l’[cdicatcs: corlslrllcl-(~rli-  rll:t[rix
(tis[]l:iy-(~lrl-c[[ot

‘1’llis I]lcans llral any ~(~:il/:lc’[i\,ily/f:icl Ill(xiuccd  using orlc
o f  Itlcsc plcdic;ltcs  is corlsidcrc(]  actlicvcd.  S[a!ic r u l e
analysis runs IIIC Iulcs or) II ICSC ailov.fal)lc  collr[)irla[iorrs and
vcrific.s llial Illc (Iccorll[)osilior] rules  cover  II)c
Corn binalions  (lllis concsporlds 10 cxtlauslivc  Icsling of Itlc
(ask rcduc[ion rules). Asdcsc]it)cd irl Scc[ion 2.1, there arc
several Iyl)cs of corlslrainls oscd in (IIC [ask reduction  rules.
S o m e  o f  ltlcsc conslrairlls  do not l}]akc scusc for a
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. plcymsilioilal  atlalysisl IWW ct~nstraillts atc Immllcd  in llIr

l}l(~posi(iollal analysis is SIIOWII  I)clow,

C[)l]slltdl!!  [Yj)c  .l)[(J~K.)Sl(lO~~l  ~~$(!  ]:ll]!  ~~1~~

co(lcsi~,naliotl” i[r,florr(l Ilackc(l

Ilol-plcscnl ip,nmcd IIackcd

[)11’scnl prol)osilio[lal llackc(l

o r d e r i n g lrackd Ila(’kc(l

l)jokwion” ig,t lord lrackcd

Sl:llicl/l)lcArl:\ !yzc(irll)L!l-g (J;tls,  ol>cliili(~llal-g(~:ils, [Lllcs)
iniliali7ccQ=  ((go:llsir  llllll-go:ils,c( ~[~slr:tillls:”  {))]
sclccl al)lal~ IJf’rollr  Q

lor c:lcl)l)l:lrl  l''l)l()cl Llcc(lt)y rc{l Lrcillg ag(}alill  I' Llsirlg, :l
(ask r(..duclion rule w. coilslraints as below
11: 1)’ corllains orlly ol,cr;iliollal g,(lals  return SUH’I+iS
llljSl~:l(l(l l“lo<):lr}(lcollli[l~lc”

‘1’tlc  principal diff’c[cllcc bc[wccn  lbc propositional aIId

Ilorl-l)rof)osiliort;il  cases i s  lllal wl)cn j)rcciica[cs  arc
Iransfonncd  10 lbc prolmsilimlal  case, constraint resolution
o])lirnislical]y  ptcsunlcs  variab]c  assign lnc.nts will rclllovc
con flicls. l;or cxalnplc,  consider IIic plan an(l rcdac{ion
rules slmwn bcl(9w.

l’lanl: a(clivilics: (f(xj c?](}) (bar C21 6)
cons(raillts: . . . .

l’liill?: aclivi(ics:  (fooc216) (Imr c211 )
cons t r a in t s :

Rcdacliorl  RIIIC 1:
if pIcsc II(: (bal” ?a)

nol-lmt:sc~tt:  (foo?b)
Rcdaclion  Rulc7:

if prcscilt: (bar?a)  (fcro?a)

In Illc plolmilional case, both ralcl a n d  rulc2 apply [0
Imtl) plarll and plan2. la (lIC full case, rule 1 dots nol
apl~ly  cilllcr ldalll or plrin2. Irl the foil case ralc2 applies 10
planl  but r i o t s  not al)ply to plan2. N o t e  that in [Ilc
plol)osi[ioiia] case, in ordcl (0 prc,sumc. that vari:ib]cs
resolve ol)lirllistically, tbc analysis l~rrrccdurc  need rl(ll
corlil~utc  all possible I)indinxs. Ratbcr,  tbc. analysis
I)roccdajc  resolves present constraints by prcsulning
nlalcbinr, if tllc prcdicalc  Inatctlcs and l)y ignoring not-
I,lcscrlt  constraints (arid ottlcrs as indicalccl rrbovc.  ).
‘l’oful-tl)ci  illLlslr:ltc, c()rlsi(icr  lllcf()ll(~wirlg cxallll]lcf1(]rll
tllch4V}’clolll:lill. “1’lm inlmt ~oals, rclcvant dcconlposition
rules, ard  opclalional rucdicales arc shown lmlow.

IlllJLll Cioals:(  :iLltoIllal(ll? frlcs)” (rllarlrllatcll’!  fllcs)
((lisl)ljiy-rrl:irll] lalcll-crl(,r  ‘! files)

l~ccollli)osilior~ I<uIcs:

Ralc] IJIS (:llllolll:tlcll’!(l)  (Irl;illlll:llcll’?l-l)
1<11S (c~)llslr llcl-orir-l)l:illix  ‘!i’l  illllo-lll:tll-lc.fillc(l)

Ralc? 1.11S ((lisI)l:ty-rllitrllll:itcll-c[fol  ‘? L?)
l)rcscllt (alltolrlalctl’ ?12) (lll:illlll:ltctl  ?r2)
1{11S  (Clisl)l;iy-c)lll-ctl(,r ‘?(’~:i{llol  lliill-11’flllc(l)

Opcla[ional l’lcdica[cs:  collslruc(-ol[l rllat( ix, disl]lay-orll-
clror

in bo(lr IIlc propositi(~ll;il  and full static rule analysis cases
l]olllr  ~llcs\}f(~lll(la l~l)ly intllc  analysis, “1’1111s, l)otll analyses
would indicalc 111:1[ IIIC inl)ut gojIls (..aII tw rcduccd i n t o
ol)claliorlal lauls/activities.

3.2 Static Analysis ‘1’ooIs  for oljcrator-lmscd
l’lanning
‘1’llc  slatic analysis tcctlniqucs call al~() I)c ap[llicd to (I)c
h4V1”s ol)cl:i[ol-t~:tsccl” planr)cl c(ll[lponcnl. “1’bis is
accolill~lisllcd  I)y gcrlcrali{inx  [Ilc I]laniiing al~oriltl n],
A~,ain, as witlr IIIC static I(IIC ana]ysis,  tllc static opcralor
analysis is considc.litig a gcllc [al class  of lMOI)ICIIK  dc.filled
by a Imoblcrll  space. As with ttlc static ralc  anidysis, a
l)roblcnl space dcflncs an allow,  at)lc scl of goals and a scl

o f  ol)cratioilal  l)lcdicatcs  \vllicl) arc assulIlcd true irl tl)c
initial slalc.
IIr [tic I)lopositional s(a(ic opc]ator  analysis case, in crrdcr 10
Ilcat tllcdotllain  tllcolyol~(illlislically,  wclnust  assumclbat
all p~otc.ction interactions can bc resolved l)y variab]c
assip,nlncnls, IIccaasc  of ttlc al~scrtcc o f  p r o t e c t i o n
c o n s t r a i n s ,  tllc IIropositit)nal opcra[or  slatic  illlaly  SiS

rmlcsporlds 10 lIIc. [jIoJmsilional ILIlc.-lmcd  static an:ilysis.
Ailc)l)c.~ :i(or\\i[tIl}  lcc(lll(li(io Tls” l’:irl(l cllccts  l~lllal,s(~rltoa
Iulc wit]} 1,11S 1’ and 1<11S 11, (llnditional  effect extend
analogously.
‘I”l]c.  !lor~-l)rc)l~ositiorlal static analysis case is barldlcd by
IIlodifying astall(lfircl c)l>crator-l)asc(i  l~lanncr. q“bc planncl
i s  cllangcd  b y  addin~  a n acbievcmcnt oljcration
corlcspcmding  to pr-csunling, any operational Odcl is true in
tbc initial state. Wcarcc.ar(cntly  invc.stigating osinglnorc
soldlisticatcd  static analysis lccbniqucs  to dctcc. t ll~olc
sal]tlc cases wbcrc. goa!s arc. unacbic.vablc  [I;t7,ioni 1993,
Ryu & ]rani, 1 9 9 2 ] .  ‘1’bc.  fall (c,g, rlc)r~-l~rol~ositicjrlal)
Opcralors  lalicanalysisa  lgoritbrn  issllo~~~rll)clc)lv.

S(aticopcrator Artal y~,c] iull(inplrt,  Opcratiorlalt  operators)
iniliali?,c plan qac.uc Q to { (~(,als: in]mt, constraints= { )))
select a plan 1’ frorll <)

for cacb pl:in I“ produced by achieving a goal G llsing
tlm  following Irlcttlods:
1 .  uscancxistingo pcralor illll)c l)l:irl t(>acl}ict’c.  (;
2, a(l(l:ir]c~!()[~cr:it()r lotllcf llzirll (~:lcllicvc~;
3.* iflllc goal is(j[,cr:lliorr:  il:issllrilcit IIucirltllc.

initial state
rcsolvcc{]rlfliclsil~ l“ (Iwokclions)
II; 1“ t)as IIo  u n r e s o l v e d  c o n f l i c t s  a n d  no  url~cllicvcd

g!oals

‘1’}IliN  return S(JCXliSS
10 ,SIi add 1“ to ~) and uonlirluc



. .
“.

Shown t)clow.
,%!ID!UII,  .“)% ,8,4,,,  - . .  — - . - s , . %  ,1 t  a. h. .19 I >k

10)4 <>12 / \

,Ai----Z[ , , , ’ , , , , , .  k,
,,,,,,,/,, ,, \

L (p ,

/~\)’(”y--s”$s ,.,,.. 131t CAt4VA  *

,,1”.  !d,l.  ,d ,! ~,1,.

I },,,  ,).$  ,
/

l~lb 111[::
{,W.,,

1,!,.1, ‘,,,  ,!.,,, p,,,,.

\M02HC,  .,””71 .,,  C, *4.

\

d ,,,,!,  r,.,,

,,,,,,,  /y’~YJ::;::’  “
‘CO  11:1  P.U  C-l  M1l:A.l CP  111  1!?!/

P’igurc 3: Subgoal (;ral~h  indicating Static Operator
Analysis for Navi~atiml  (;oals.

Inlml (kmls:  (coltll)lllc-olll-l,l:llrix”  ‘!fl llmnlnalcll)
(Ll[)(iiltc’-:llclli  v:ll-sc(lr ?ll manlllalch)

OpcIa[ional  l’icdica[cs: project, itlili:ll-l~rcclicl-sc) llr~c

4. (hmplction  Analysis Tools
‘1’llc SCc(llld  Iyl)c ()!’ kllowlcdgc  l)aw dc\’ck)pIllcn(  1001 used
in MV1’ is IIIC co]llplc[ion anaiysis (ml.  In ]I)any  cases, a
knowledge cng,i]lccl  will constIucl a dollmill  spcciflcaliotl
10I a par(icula] V1(;AR prol)lclll,  [CS[ it ou[ on known fIlcs
and F,oat  combinations. “J’wo  possit~lc oulco]IIcs  will occur.
l;il-st, it is possible that k domain spccifica[ion  will
lIIoducc an invalid solulion.  Sc.cond, it is possible that IIlc
planacl  will bc unable  10 conslrrrcl  a solulion for a prot]lclll
tlmt (I}c. cxpcrl  bclicvc.s is solvable.
in lhc. case that IIN3 planner cons(racls an invalid solulioa,
tlIc knowledge cnginccr caa use ltm incmlsistcrrl  patl of (IK
solut ion to iadic. atc tl]e flawed portioa  of l}Ic dol[lain
llmoly. l;O1 example, suppose that {he planner pIoduccs  a
[)lan consisting of SICIIS  AII(uI),  I)UI  IIIC cxpct(  Imlicvcs
tlm( (lIC LWIICC1  plan consists of steps AII(XIJ. la I}lis case
Il]c. knowledge cnginecl  can focus on Ilic undel lying, reason
tl)al S is ncccssaty. S musl t}avc had smnc purimc in lIIc
plan, 1[ nmy hc mcdcd  10 acl}ic.vc a lop-level goal (1 or a
plccondition 1’ of A, 11, m (~. Altctna[ivcly,  if the ordclirl~
of opmalors  {Jr variat)le  assign me.nls is [lot valid in IIIC
lwoduccd pla[l, the knmvlcdgc.  engine.cr can focus on lIIC
l~rolcclion or OIIIC1 constraint  wi]ictl  s h o u l d  l)avc  hcc II

Cllt’or{’c(l.

‘1’IIC  swond possit)ilily is (IW the dmnain  si~c.cificatiml fails
(0 allow tllc dcsilcd  solution. I;or cxanl])lc, Ilw cxl)crl
bclicvcs ttmt It)c l)]an All[;l> st)ould  acilic.vc Itlc ~,oa!s,  i)ul
Il]c I}lant!cr fails 10 find any plan 10 achieve lIIC goals, In
IIlis case, dclccling Il]c !lawcd pa[[ of Ilm knowledge Imsc

.,.

is Il]orc difflcull, Iwcause  il is dif(”rcul(  (() dc[c[lllinc  wllicl},
l);Ir(  of” IIlc dorllaill  sl)cuil”lca[i(]ll causc<l (I]c (Icsil(xl OUII)U[  .
I)lal) It) fail. lrl r)lallually  dcl]uy,~,ill~  (IICSC  (yl)cs  ()[’

l)l{jt)lcllls, lIIC knowledge c[lg,illcc[ would  wlitc ou~ by IUUK1
llIc [)lan llIa( slI(Iul(l  lIc consliuclc(l. ‘1’llc knowlc(l:c

cl)~,illccl would llIcl I consliucl  a  SC(  01 l) Ic)l  Ilc II Is,  caul I of

wl)icll  cor-lcspondcd” [() a su[)l)arl of [lIc f a i l ed  colli~)lc(c
[)1  Ob[CI1l.  l;O1  Ckillll[)lC, il a I’ailed IItot]lcltl  consis(cd  of
achieving goals A, II, and (~, IIIC knowlcdxc  cnginccr ]Iiigll{
IIy IIIC []lanncr  on A alone, 11 :ilonc, :In(l (’ alone, (() at(cnli)i
to isolalc Illc bug lo II]c I)ollioll  (J1’ IIlc kltowflcd~:c I)asc
c(~rlcslx~ldil~~ I() A, 1}, m C’, c(~llcsl>oll(lirlp,ly.
(’(lllll)lcliorl  arla]ysis  [m)ls lmllially aul(IIIIa(c (I]is lcdiolls
l)roccss of isolalia~ Illc hu~ by cor)s[rucling sut)l~tol)lcllls.
‘[’tic Lx)llllllclioll al]alysis tol>ls allow (Iw (Iccollll)(lsitioll” (N

4 I(, cOIISIILIC[  d pto[)f “i(t)ol)clill(ll-t);lsc(i l)larlncl
a~sullll~li(]lls [hat a sillall rIu II Il)ci of goals or sul)g, (I:ils CaII
I)c }Jrcsulllcd acllic.val,!c (tyl}ically  only  (MIC or Iuo)$. lly
sccillg wllicll ~,oali if assurnal)le, lIIakc  llIc  IJFOI)ICIII

solval)lc, It]c user gairls va]ual)lc irlfollllali(~rl at~oul wtlcic
LItc t)ug lies in tllc kllowlc(i~,c b a s e ,  l;(~t cxal]li)lt, if’ a
IJlot)lcrll  colisis(s of goals A, 11, and (’, and (Ilc f)lol]lct]l
I,ccol]lcs solvable if 11 is assul IIcd acllicvablc, Illc I)ug is
likely to bc it~ llIc pw(ion of (Ilc knowledge tmsc rclaling, 10
(IIC acllicvclllcal  of }1. Alternatively,  i f  (tic IJlol]lcrll i s
solval)lr when cilllcr 11 of (’ is a$surllcd  acllicvahlc, [Ilcn
[tic I)ug:  likely Iics i n  (Ilc ill(c[ac(iofl  o f  tl)c ol)clalc>rs
acl)icving J) ml C. ‘J’IIc cornplc.{ion  analysis tool is used
t)y running [I]c modiflcd I)lannc[  al~oliltlrll ur)lil  cilllcl: 1. a
Icsoulcc  bound o f  [Ilc nu[ut)er  of Illarls  cx})al]dcd  i s
Icacl]ed; 01 2. llIclc alc no tnorc l)lalIs (() exl)a  IId. ‘1’llc
c(nlll)lclion analysis algorit]llll for llIC lcduclion planner is
shown I)clow.

CI(>IllI~lclic)  rl}<c(lL]cli(]r]  }’l:lrlllcl (inpu[,  qma(ional,  iulcs)
il[ilializc <) = ((goals=  inlm[, conslraillls~  ( ],

ass~]ll]l>liorls=()))
ll; rt’source bound return S01 ,LJ’1’1ONS
lil.Sl;  select a l)lan P frolll Q

for c:icll l)lan 1“ pmcluccd by rc(iucing 1’ using a task
rductiml  I UIC
IIi tlIc coaslrainls in }“ arc consistent

ll; 1“ con(ains only opcralion goals/aclivilics
‘1’1 II IN add 1“ to SOI ,[J’1’1ONS
f ;I .S11 add 1“ (0 Q and conlinuc

I;I.SI; discat(i  }“
fm cacti plan 1“ plocluccd  I)y prcsuluinr, lI)c cur lent gml

411) Illc ~(,rl,l~]c(i(~]l :Lll:ilysis  for tx)lll  the rc(ludioll plarifm :l!l~l [Ilc
q)cralor-tmscd  p)mncr  lhcrr  arc choice poill[s in tlIc scale’h in
ordc.iirlg [Ilalls ill llIc  scalcl  I (]ucuc,  Ill  troll)  L’ajcs,  u,c  Llsc Slilll(lill[l

IIcurislics tIascd oa rhc  IINIIIIICI  of ()(l(slalldil)~  go;ils  and plarl
dcrila(ioli  srci]s so f~~r. I loivcver, (Ilc s(alic analysis tccliniqucs
would wofk with atIy al)pl(ymia[c hcu[istic fur Illis scant)  ctmicc.
5111C ,lL)ll,t)cr of ~():lls ~qs~illll~t)lc is kcj)l  SIIKIII  twcamw  allowing
llIc [)lil  I)flCI 10 assllrrlc ~:(~als drdlrlafically incrcascs  llIc s e a r c h
slIacc  for (x)ssil)lc  l)la  IIs. 1( cllccriwly  add$ 1 [0 Ihc Imancllillg
fac(oI 01 cvcIy goal achicvclnen( rm(lc in the sciirct) space for the
j)[al)
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l: IgUIC 4 illusllalm  II)is  l) Iocc.ss  f’IOIII  aII ac[ual cicl)uggin~

cl)is(dc w’llirll OUCUIICXI  ill IIm dcvclol)llic[~l of a p(wlion  01’
Ilw lllaunin~, kn[)\vlcd~,c  base.(’ rc]ating to a IIlt)blclll called
IL~la[i VC navigation 7. lklI o f  lIIC following s(cps  i n  llIc
dcl)ugginp, I)[occss  is lalmlrxi 1] if tlm planncl lm (orl)w.d  Il)c
slcl); (1 if’ ll]c usc[/k[I{)wlcdgc  cngillcc[ [WI I(JIIIIS  (tic stc.p;
or (~ if ttlc rwrl)plcti(]n  analysis tool pc[ f(mlls  IIlc slcp.

1. (l’) ‘1’tlc plannm is unal)!c (0 solve (IIC original plohlcl]~.
2. (LJ) ‘1’l)c user initialcs the dchugging  ploccss  by invuking
II)c c)}~cr{llol-l~;tsc(l  coluplclion analysis loot specifying IIml
Onc to])-level goal lnay I)c sllspcn(icd.
3. ([1) ‘1’llc  colnl)lctioll planncl consl!ucls a pl:ia achieving
atl 01 IIlc goals bul Illc tq)-level goal 01 (c(mlpu(c-olll-
IIlallix  ‘!olll-lllatlix  ‘! fllc-tist ?filc-list).
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h’igurc 4: ‘1’race of Interactive l)cbuggin~ I’roccss  using
(~ompldirm  Analysis ‘1’ooIs
4. (LJ) ‘1’hc u s e r  tbcn dctcrminc.s that (IIC OMCX)R?.
opcralor  should  lIavc hccn able. 10 actiicvc  IIIC g o a l
(c{)ttll>lllc-o il]-]llalrix  ‘?mn-rnalrix ?fil~.lisl ‘? filc-lisl). ‘J’IIC

user tl)cn mntinucs  tbc debugging process by invoking the
cmnplc. titrn analysis loot spccifyirrg  thal a prccondi(iorr of
tl]c 0MCX)1<2  operator may tw suspcnclcd.
S. (C) in response 10 IIIC  user request, Itlc completion
planner finds a plan achicvirrg at] goals cxccp( (IIC
0MU)R2 pl-ccondi[ion (ticpoirrl-file ‘?lp ?filc-lisl
manmatch).
6. (U) The. usc.r lhcn dclcrlnincs  that lhc precondition
(ticpoinl-file ?{p ?filc-list  manmalch) should bc rrcllicvcd

$JoIc  IIIN this is [bc same fmrlion of tbc f(llOW]Cdp,C  bIisC  Usc(l  10

gcmcratc  (IIC  VICAR code fragnlcwt sbnwn in [tic in[roduclion,
‘1’llis is also the. opcmlor porlion of tbe koowlcd~c base rclrrling
di[cclly 10 tbc tilSk  mluclion  mlcs sksvm iu lbc cxaml]lc for slalic
IUIC analysis.
7 l~or t})~ il)(cr~s[cd rc:l(lcr,  l)avi~atiorl of (IIC iump,c is ttlC pmccss
01 dclcrmining Ibc appropria(c Irtrnsformalion nla[rik ~o nlap cacl)
I]ixc] f[ol[l llIc 2-di[llcilsiontil (liIlc, saIIIplc) of IIIC illlag,c s[)acc I(I
a 3-dimcnsiomrl (x,y,7.)  clf some coor(firlalc ot)jcc[ space (usually
ba~cd on tbc plaIIcI ccntcr of (tic targd  being illlagcd). I{clativc
ilavig,alion usIIcspol  Icls (0 lbc lmccss WIICII  dc[crlnining  Ibc
ill) Solllt C posiliol]  of cacti poinl is difficult 10 COIII[)lIIC  S() that tllc
l~ioccss fmusscs  011 dclcrlllil]illg ttlc corIcc[ [x)sitions of caclI
p(lint rclalivc to rstlwr points in rclatr+ ima~cs,

,
.

t)y (tlC MA Nh’l A’I’C’11  OI)C1:IIO1 , and illvokcs Itlc ol>cratora
c(~lllplclion a[lalysls L()()I  allowing susl)cllsioll  of” onc of IIIC .
prccxmdi[ions  of (11~’ hlANh4A’1’CH  I olJcia[{N.
7. ((1) ‘1’llc  collll)lc~lon plallncl lllcn flllds  a f)lan achieving
all  goals I)ul Illc [)tccondilion  (rcflllc(loic[lal>-[):li[s ?Iop
fllc ‘! fllc-lis[) of (Ilc olx-ratol h4ANMA’I’(’l  1.
8. (LJ) ‘1’IIc  usct [tlcrl dc[cllllincs  that tllc I)rccoildition
(rci’illccl-ovcrl  a[)-~);iils  ‘?rq-fllc  ‘? fllc-list) sl)ould  tla\fc hccn
acllicvcd hy [Ilc lN)lIIIS  opciator and invokes d]c opclalm
colllplclion  analysis 1001 allowing susl)cl]sion of an
1;1)1}11S  l)tcconditior~.
9. (~) ‘lllc cotn]]lcli{)n l)l:inncr  f[nds a [Ilan ac}iicving a l l
p.oals hul tllc prccotldllion” (cr~[(lc-ot’cll:i[)-[):lir  ‘?copfiic
‘! fllc-liso  of }U)II  IIS.
10. ( U )  ‘1’IIc  USCI  (Ilcn dclctlnincs  (lIat  (Ilis [)[ccondition
(c[llclc-()\cll{ll)-[)tiil ‘!co I)-1’IIc  ‘! fllc-liso  should I)avc I)ccn
actlic. vcd by (Ilc h40S]’].  O’I’-collstlll ct-crllcic-rl:lv-f  iIc.”
‘1’llis  rcsulls  i n  allotllcr invocation  (If tlIL’  collll)lclion
analysis [001 all(~\\’illg susl)cns  ion of a precondition for
MOS1’1  .~)”]’-CollSlll  lL’L-Cl  udc-nav-fllc.
I 1. ([~) ‘1’hc  con)l)lctioll analysis tool lt)cn finds a plai~
acllicv in:, all ~oals I)ut lllc plcconditiotl  (Ia(lon ‘hllf ?lal
‘?lon)  for Ihc operator MOS1’1 0“1”-corwll llCt-CI  ll(lC-lliiV-fllC.

1?, (lJ) AI lllis Imin[,  li]c user noliccs tll;il tllc conslILIctcd
l,lan fm acllicvinp  II)c goals Ilas assulllcd  Illc instarllia[cd
~oal (latlon Lkllliddlc-fllc  ‘!]al  ‘?lon). ‘1’tlis illlrncdialcly
indic:itcs ttlc ctror 10 tllc USCI bccausc  Itlc user is expecting
a file name as (IIC second argument of dlc Iatlon prcdicalc.  8
LJnfortur~atcly, wc I)avc as  of  yet  not b e e n  ahlc 10
dctcrlninc any ]lcurisiics  for controlling Illc USC nf ttlcsc
co[llplclion tools ttlat a l l ows  for rnmc global SCill  Cll  o r
allows for Ic.ss user inlcraclion.. I lowcvc],  in Ihc.ir cuncnt
fmln, the cmnplction analysis tools lmvc proved qui(c
useful in ctchu.gging  tltc hfVP raciicrn~ct] ic corlcclion  and
color triplet rc.construction kntrwlcdgc hasc.

4.3 lmpad of l)cbugging
ln orctcr 10 quantify (}IC  usefulness of ltlc conlplc.fion
analysis Iools,  wc collcctc{l  data fi-om a 1 week phase of
domain theory clcvc.  topmcnl  for the relative navigation
p o r t i o n  o f  tbc donlrrin  tl]cory.  IJuring tl]is week,  wc
idcrr[ificd 22 issues raised by a donlain c.xpc.rl analyst
w h i c h  al firsl ~LIcss a p p e a r e d  to bc prinlarily  in tllc
decomposition rules or crpcrators. I;or  I 1 of tt)csc 22
ploblcIlls  (sclcclcd raldolllly) wc used llIc debugging tools
in lcflning Illc dolllain theory. lim tl)c o[l)cr 11 ploblcms

~ ‘1’tlis  is t]CcaLlsc (IIC  1:11101) goal is dcsig,nd  10 rcfc[ 10 a specific
itllap,c (IIC ( e .g . ,  I 126.1hl(; ). (I{)rlcs[)oll(lillgly, [IIC IIlanning
olwrato[s tbal bad been dcflrlcd to acquire in fo[lnalion such as
1:,[1011 prcsunlcd aL’tlldl [ilC llillllCS, LJufor[uuatcly, &nli(kllc-fllc
refers I() a VI(” AR vali;tblc wllicll will bc tmu[l(t I(I aII  actual fllc

nan)c  only at [tic tin)c (ba( tbc VI(’AR  script is run (i.e. wbcn tbc
l)laII is cxcculcd),  ‘1’lIui,  tllc t]u:, Iics in lbc nlisnmlctl t)clwccl~ this
Ilrccorldilion and t h e  opc[ato[s  wbicb uan dclc[[nim  latlon
illfor[ntt[ion for a frlc. ‘1’tlis tmg w a s  IIICII t’Ixcd I)y dcflning
operators wbicb could utillzc [bc Vl{~AR  variable in fcmmtion at
runtiuw and pclforill Ibc corfccl slc.ps lo compute tbc nccdcd
Iatlon inforlnation.



.
* wc d i d  aot  usc  llIe dcl  JLIfIgi  IIg (001S. WIICII [001s V/cl c
. allowed, wc cslilila(cd Ill:il IIIC  loots wc.rc  al)pliu;ll)lc  in 7

out of’ (IE I 1 l}rot~lc.ills. “]’j ICSC ‘] [) Iol)]CIIIS  WCIC  sOIVC({  in

aII  avm:t~,c  o f  10 Illinu(cs cacl  I. ‘Illc O(licl  4 l o o k ”  o n
avct-asc 41 m i n u t e s .  ‘1’lm total I I pIol JlcIIIs wllcIc tlm  I(x)ls
WCIC used look on avc[axc  ? I II)iaulcs cacl I I(J coIILsc[.  111

IIIC 11 l)IoblcIIls s o l v e d  will)ou[ usc of  IIIC 100 Is, al(c  I
fixing all 11 ploblc.ll)s,  wc cslin~alc{l [ha[ in 6 OU(  of (Iw 1 I
pmblc.l]ls (hat IIIC dcl)uggir~g  tools would Ilavc I)clpcd.
“1’lmsc 6 plol)lcll~s  look on avcl agc 43 Illinulcs cart) to
SOIVC. ‘1’IIc. lcnlailling 5 \)Iol)lcIIls look oa avclagc  40
I[li[lulcs  10 solve. ‘1’tm sc.toad SC( of 1 1 plot)lcl]ls  look on
avc[ap, c 42 Illiilulcs  [(I .solv c..

Sc( “1’ooIs A\c ‘1’001s AVC Overall Avc
A[q). ‘1’i[uc No{ Alq). ‘1’illlc

‘I’() ()1 7/1 1 10 l~lin. 4/1 I 41 IIlin. 2 1  rllin.
N() ‘1’(101 6/[ I 43 IIlin.  5/1 I 40 ]I]in. 42  ]Ilin.

5. IIiscussion

OI)C aI M fol- lututc woI k i s  dc.vclopa IcIIl o f  c.xplaaalion

facilities 10 allow lhc usct 10 inlrospcc(  iltlo fhc plaaning
[)1 Occss. SuCII a capat)ilily w o u l d  a l l o w  (lIc uscl 10 ask
suclI qLlcSlions as “Wily was lllis opcralor  added [0 Ihc
pl:la?” all(l “WIIy  I S  II]is opclalor ordc[cci  aflci ltlis
O])cralol’?”, wllicll caa bc answered easily from [he plan
dCIXW]C1lC~  S(1 LIC(IIIC. More difficult (trot also very uscfLIl)
qucslions arc of [Ilc fo[[ll “Why wasa’t olmator  02 used (o
acl)icvc [his goal?” OI “WIIy  wasn’t ll)is lmblclll  classified
as IHOI)ICIII  class ]}?”. WC arc curl-cn(ly  invcsligatiag using
corlll)lclion analysis tools to answer lllis Iylm of qucstioa.
‘J’lic coll]plclion tiTlitl~SiS Iccltniqucs  a r c  rclalc.(1 [o lhcory

rcflnemcnt  tecl]aiqae.s  [kmll machine lcarlling ((hIIston &
hlooncy  1994, (iillsbc.rg  C[ al. I 988). I]owcvcr,  these.
Icchniqucs  prc.sumc l~]ultip]c  cxalar]lcs o v e r  whicl] 10
induce cnors. Additionally, reasoning about planning
operators requires reasoning about the spccializ,cri planning
knowlc.dgc rcprcscntatirm  and corlslrainls.
‘1’llis pafmr  IIas dcscr itlc(i two classes of kaowlcdgc base
dcvclolm)c.n(  tools Slalic analysis lools allow for cf[icictlt
dclcclion of c.crlain classes of unachievable. goals ancl can
quickly focus user allmltion on the unachievable goals,
Static analysis tcclmiqrrcs  can also bc rrscd 10 \crify  Ihal
dolnaia covcragc is acllicvcd. Onl)plction  analysis tools
allow the user 10 quickly focus olt wlliclt goals (or
sub~oals)  al-c prcvcllling  lIIC planner flonl achieving a goal
SCI Iwlicvc(i  :ichicvabic by lilt knowicdgc  tmsc (icvciollcr.
‘1’iICSC  IOOIS arc CUIICIIl]y  in u s c  aa(i w c  imvc  I)lcscnlcci

cl)li>i[icai c.vi{icacc (ioculacnling  Ilw Ilscfulncss  of  li)csc
l(mls ia construc[il]g,  rilair~[aiiling,  aaci vc.(ifying  tiIC h4V1’
planlliap,  knowledge imsc.
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